We investigated marker-assisted selection of the pollination constant and non-astringent (PCNA) trait and inheritance modes of the marker locus in persimmon (Diospyros kaki Thunb.) using restriction fragment length polymorphism (RFLP) analysis. In two backcross progenies, FU-170 and FU-275, 5 of 71 and 23 of 101 offspring, respectively, were judged as PCNA genotype by the marker phenotype. The astringency type of individual offspring was determined by measuring the size of tannin cells and soluble tannin content in mature fruit, thus confirming complete co-segregation of RFLP markers and the non-PCNA phenotype in 32 and 68 fruit-obtainable offspring from FU-170 and FU-275, respectively; therefore, RFLP markers can be used for PCNA genotype detection. Their segregation ratio deviated significantly from that of disomic inheritance. We also discuss the possibility of polysomic inheritance of RFLP markers.
Introduction
Since the start of the persimmon-breeding program in 1938 at the Horticultural Experimental Station (currently the National Institute of Fruit Tree Science: NIFTS) in Japan, the development and release of a novel pollination-constant and non-astringent (PCNA)-type cultivar having high market value have been the constant aims . So far, NIFTS has released more than 10 PCNA-type cultivars through conventional breeding programs. As the inheritance of the PCNA trait is qualitative and is recessive to the non-PCNA trait (Ikeda et al., 1985; Yamada and Sato, 2002) , intercrossing PCNA genotypes is the most effective method to obtain PCNA offspring, hence, all new PCNA-type cultivars released by NIFTS were developed by intercrossing PCNA-type cultivars and/or selections. If a non-PCNA-type cultivar is used as a parent, PCNA offspring are obtainable only in the second generation, and the ratio of obtainable PCNA offspring is relatively low (Ikeda et al., 1985; Yamada and Sato, 2002) . The ineffectiveness of this cross is the main reason why no non-PCNA genotypes have been used in past breeding programs; however, a limited number of PCNA-type parents and repetitive crossings among them resulted in inbreeding depression in the progeny (Yamada et al., 1994) . Therefore, the non-PCNA genotype needs to be utilized for the breeding program to broaden the genetic base of breeding materials.
Marker-assisted selection is a helpful tool for improving the efficiency of conventional plant breeding. For perennial fruit crops in particular, a molecular marker linked to a fruit trait that can be evaluated only after a long juvenile period would be useful in practical breeding programs. So far, we have identified 2 restriction fragment length polymorphism (RFLP) markers that are linked to the gene(s) conferring the non-PCNA trait in persimmon and proved that the markers may be used to distinguish between PCNA and non-PCNA types in a backcross population and some existing cultivars of Japanese origin (Kanzaki et al., 2000 (Kanzaki et al., , 2001 ; however, very few seedlings were used in the previous study, hence, it was not possible to suitably evaluate the effectiveness of the marker-selection system. Analysis using a large population is required to evaluate the practical usefulness of the marker-selection system.
In addition, segregation analysis of RFLP markers would provide valuable information regarding the mode of inheritance of the gene controlling the PCNA/non-PCNA trait. Persimmon is known to be a hexaploid (2n = 6x = 90) (Namikawa and Higashi, 1928; Tamura et al., 1998; Zhuang et al., 1990b) , but its genome composition remains to be clarified. Previously, Zhuang et al. (1990a) suggested that persimmon might be an allohexaploid based on the observation of the formation of few multivalents during the meiosis of pollen mother cells; however, a lack of multivalents does not necessarily indicate disomic polyploidy in species with short chromosomes (Krebs and Hancock, 1989; Qu et al., 1998; Wolf et al., 1989) . In fact, our previous report suggested the possible polysomic inheritance of RFLP markers (Kanzaki et al., 2001) . Segregation analysis of a defined population is required to investigate the inheritance mode of RFLP markers. In this study, we determined the segregation pattern of RFLP markers in addition to the actual fruit phenotype of 2 backcross progenies to evaluate the effectiveness of markerassisted selection for the PCNA genotype. Further, we discuss the possibility of polysomic inheritance of RFLP markers based on the phenotypic distribution of the markers observed in the progenies.
Materials and Methods

Plant materials
We used 2 backcross progenies, FU-170 and FU-275, in this study (Fig. 1) . Progeny FU-170, comprising 71 offspring, was derived from a cross between 'Fuyu' (PCNA parent) and 170-26 (non-PCNA parent), and progeny FU-275, comprising 101 offspring, was derived from a cross between 'Fuyu' and 275-13 (non-PCNA parent). Both non-PCNA parents were F 1 offspring obtained by a cross between a PCNA cultivar/clone and non-PCNA cultivar, i.e., 170-26 was derived from the cross IIiQ-12 (PCNA) × 'Nishimura-wase' (non-PCNA), and 275-13 was derived from the cross 'Aizumishirazu' (non-PCNA) × 'Taishu' (PCNA).
RFLP analysis
Total DNA was extracted from 1 g of fresh mature leaves sampled from each 1-year-old seedling from among the progenies. The Nucleon Phytopure plant DNA extraction kit (GE Healthcare Bio-Sciences, USA) was used for this DNA extraction. DNA gel blot analysis was performed as described by Kanzaki et al. (2001) . Total DNA (20 µg) was digested with HindIII and run on 0.8% agarose gel, transferred to a nylon membrane (Hybond-N, GE Healthcare Bio-Science), and probed with the AFLP marker isolated by Kanzaki et al. (2001) . The AFLP marker was PCR labeled by DIG-dUTP, and immunological detection of the hybridization was carried out using the anti-DIG-alkaline phosphate conjugate and the chemiluminescent substrate CDP-Star (Roche, Switzerland). Based on the presence of the 2 RFLP markers linked to the non-PCNA trait, the genotype of each individual progeny plant was determined as PCNA or non-PCNA. The observed segregation ratio of the 2 markers was tested by Chi-square analysis for goodness of fit to the expected segregation ratios of disomic, tetrasomic, and hexasomic inheritances.
Identification of the fruit phenotype
Scions were obtained from 1-year-old seedlings selected from among the progenies. The scions were top-grafted onto branches of mature trees in the field of the Grape and Persimmon Research Station, NIFTS, Higashihiroshima, Hiroshima, to promote early fruiting. The remaining seedlings were planted in the experimental field of Kyoto University, Kyoto. Fruits harvested from 32 offspring of FU-170 and 68 offspring of FU-275 were used to determine the fruit astringency type. In the fruits, the astringency-loss trait was identified by measuring the tannin content and size of tannin cells in mature fruits obtained from individual trees from among the progenies. Tannin content was measured by the Folin-Ciocalteau method according to Oshida et al. (1996) . To determine the size of tannin cells, imaging was performed according to the method described by Ikegami et al. (2004) , and in each sample, the areas of 30 tannin cells were measured using Scion Image, public domain software (Scion Corp., Maryland, USA). Additionally, a sensory test and observation of the flesh color were performed to confirm astringent types of fruits.
Results and Discussion
Both non-PCNA parents of the 2 backcross progenies had 2 RFLP markers that were identified as markers linked to different dominant alleles conferring the same non-PCNA trait (Kanzaki et al., 2001 ) and, as shown in Figure 2 , the symbols A1 and A2 were used to represent the larger and smaller RFLP markers, respectively. Non-PCNA-type parents are underlined.
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Among the 71 FU-170 offspring, only 5 had neither the A1 nor A2 marker, while the other 66 offspring had either marker or both (Table 1) . Therefore, based on a previous report (Kanzaki et al., 2001 ), the 5 offspring having neither marker were determined to be of the PCNA type. Similarly, 23 of the 101 FU-275 offspring showing neither marker were determined to be of the PCNA type, while the other 78 offspring showing either marker or both were determined to be of the non-PCNA type ( Table 1 ). The ratio of PCNA offspring predicted by the markers was 7.0% and 22.8% for FU-170 and FU-275, respectively. Unexpectedly, in FU-170, the ratio of the predicted PCNA offspring was much lower than the average ratio of obtainable PCNA plants in backcross progenies indicated in previous reports (Ikeda et al., 1985; Yamada and Sato, 2002) . A few top-grafted offspring started bearing fruit 3 years after the RFLP analysis; however a few offspring died prior to fruiting or did not bear fruit even 5 years after RFLP analysis. Thus, in FU-170 and FU-275, 32 and 68 offspring, respectively, were available for fruit. The soluble tannin content and size of the tannin cells of harvested fruits were tested to confirm that the marker segregations were in agreement with the actual fruit phenotype. Among the 32 fruit-obtainable FU-170 offspring, only 2 offspring had been determined to be of the PCNA type by using RFLP markers, and the fruits harvested from these 2 offspring were confirmed to contain low soluble tannin content and small tannin cells (Fig. 3A) . On the other hand, fruits from the remaining 30 offspring that had been determined to be of the non-PCNA type contained relatively high soluble tannins and/or large tannin cells (Fig. 3A) . Similarly, fruits from the 12 predicted PCNA-type offspring were confirmed to contain low tannin content and small tannin cells, while fruits from the other 56 offspring contained high tannin content and/or large tannin cells (Fig. 3B) . Ikegami et al. (2004) reported that the PCNA type could be clearly distinguished from the non-PCNA type on the basis of the size of tannin cells. They also reported that the discrimination threshold of tannin cell size between PCNA and non-PCNA types was approximately 35000 µm 2 . Although the difference in tannin cell size was relatively unapparent in the present analysis, PCNA and non-PCNA phenotypes could be clearly distinguished by the combined data of soluble tannin content and the size of tannin cells. The result was in agreement with the judgment from the sensory test and observation of the flesh color. Consequently, complete cosegregation of the RFLP markers and non-PCNA trait was confirmed in 32 and 68 offspring in FU-170 and FU-275, respectively. These results proved that the RFLP markers are tightly linked to the gene controlling the PCNA trait and that the effectiveness of the markers for selecting the PCNA genotype is sufficiently high for practical application. The observed segregation of the 2 RFLP markers in the progenies is shown in Table 1 ; the RFLP phenotypes are represented as A1A2 (showing both A1 and A2), A1 (showing only A1), A2 (showing only A2), and -(showing neither marker). If both marker loci were located on the same chromosome, 30% to 50% of the backcross progeny would show neither marker and be PCNA offspring, depending on the genetic distance between them (Kanzaki et al., 2001) . Therefore, it is clear that each RFLP marker is located on a different chromosome in 170-26 and 275-13. Further, considering that 170-26 and 275-13 are hybrids of PCNA and non-PCNA types and that both chromosomes on which each RFLP marker is located must be derived from one parent of non-PCNA type, A1 and A2 loci are unlikely to be in the same linkage group under the assumption of the disomic model; however, chi-square tests revealed that the segregation observed in the progenies deviated significantly (P < 0.05) from the expected independent segregation of the digenic-disomic model (Table 2) . On the other hand, the expected gamete ratios for purechromosome segregation of tetrasomic and hexasomic inheritance were calculated under the assumption that both A1 and A2 were on an identical polysomic locus (Table 2 ). In FU-275, the observed phenotypic ratio was consistent with the inheritance pattern of the tetrasomic and one of the hexasomic models. In FU-170, however, hypothesized polysomic models were also statistically rejected (P < 0.05). The observed segregation of A1 in FU-170 (A1+ : A1− = 47 : 24) deviated from 1 : 1 segregation. This could be due to the effect of a lethal gene linked to the A1 locus or a multiple dosage of A1 allele on a polysomic locus. Although we cannot suggest a clear explanation for this distorted segregation, the observed segregation in both progenies does not seem to be consistent with independent disomic inheritance in any case. We were unable to determine the mode of inheritance of the markers in the present study, however, the results indicated that each RFLP marker would not be located on an independent disomic locus but on an identical polysomic locus. Recently, Choi et al. (2003) performed fluorescence in situ hybridization (FISH) using an rDNA probe on chromosomes of persimmon and its relatives; the results suggested that persimmon might be an allohexaploid or possibly an autoallohexaploid but not an autohexaploid. Therefore, it appears possible that the inheritance mode of the markers might be tetrasomic rather than hexasomic, although our results did not directly support this hypothesis.
In conclusion, we proved that marker-assisted selection using RFLP markers is an effective tool for identifying PCNA-type persimmon in a breeding population. A marker-assisted selection system that can reduce the progeny size immediately after germination will substantially improve the efficiency of persimmon breeding. As RFLP analysis is time-consuming, the conversion of these RFLP markers to easily detectable polymerase chain reaction (PCR) markers will be needed for practical application of this tool. Furthermore, polysomic inheritance of RFLP markers was observed in this study. Understanding the nature of the gene controlling the PCNA trait is important to develop an efficient strategy for persimmon breeding. Further investigation of the marker locus may provide clear evidence of the inheritance mode of the gene.
